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Asymmetric Hydrogenation in Water by a Rhodium Complex of Sulfonated 
2,2'-Bis( dipheny1phosphino)-I ,I '-binaphthyl (binap) 
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The synthesis of sulfonated 2,2'-bis(diphenylphosphino)-l,l '-binaphthyl (binap) is reported; a rhodium complex of this 
ligand is the first to perform asymmetric hydrogenation in neat water with optical yields as high as those obtained in 
nonaqueous solvent. 
There is an increasing interest in the synthesis and application 
of water-soluble organometallic catalysts. 1 The water solubil- 
ization of known organometallic catalysts is typically per- 
formed by incorporating highly polar functional groups such 
as amino, carboxylic acid, hydroxide or sulfonate into 
phosphine ligands.1 In addition to the advantages of being 
able to use an environmentally benign solvent, water-soluble 
complexes can be employed in various configurations, e.g.  
Table 1 NMR data for various ligands and rhodium complexes 
organic-aqueous two-phase,'cJ supported aqueous phase,3 in 
order to achieve effective catalyst immobilization. Here we 
report the synthesis of a new water soluble ligand, sulfonated 
2,2'-bis(dipheny1phosphino)-1,l'-binaphthyl (binap)4 and its 
use in the rhodium-catalysed asymmetric hydrogenation of 
prochiral olefins. 
The sulfonation of (23)-binap requires specific reaction 
conditions in order to eliminate the formation of phosphine 
Compound Solvent WPPmP J R ~ - ~ I H z  Ref. 
Bina~(S03Na)~ (Ll) 
[Rh(L1)(D20)2]C104 
(S)-Binap (L2) 
[ Rh( L2) (nbd)] C1046 
[Rh(L2)(MeOH)2]C104 
Tetrasulfonated (S,S)-cyclobutanediop (L3)c 
[Rh(Ll)(cod)]ClO, 
[Rh(cod)Cl]z + (L3) 
[Rh(L3)(H20)21+ 
[Rh(L4)(H20>21+ 
Tetrasulfonated (S,S)-bdpp (L4)d 
[Rh(cod)C1]2 + L4 
D20 -11.0 (s) 
D20 31.0 (d) 
D20 51.0 (d) 
CD30D 25.1 (d) 
CD30D 53.1 (d) 
D20 20.2 (d) 
D20 43.5 (d) 
D20 0.7 (s) 
D20 29.3 (d) 
D20 53.2 (d) 
C6D6-CD30D (4: 1) -12.8 (S) 
D20 -20.2 (s) 
- 
144 
196 
156 
206 
144 
182 
144 
185 
- 
- 
- 
This work 
This work 
This work 
4(b) 
4(b) 
5 
5 
5 
5 
5 
5 
5 
a 31P NMR chemical shifts relative to H3P04; downfield shifts are positive. 
(diphenylphosphinomethy1)cyclobutane. d bdpp = bis(2-diphenylphosphinoethyl)(phenyl)phosphine. 
nbd = norbornadiene. C (S,S)-Cyclobutanediop (S,S)-1,2-bis- 
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Table 2 Hydrogenation of 2-acetamidoacrylic acid and its methyl ester at room temperature under 1 atm H2 (S,S)-l ,2-bis(diphenylphos- 
phinome thy1)cyclobu tane 
Substrate" Solvent 
[Substrate]/ Substratel 
moll-' catalyst E.e. (%)b 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
H20 
7 : 1 H20-MeOH 
1 : 1 H20-MeOH 
1 : 2 H20-MeOH 
MeOH 
EtOH 
EtOH 
1 : 1 EtOH-tetrahydrofuran 
H20 
H20 
4 : 1 H20-MeOH 
MeOH 
EtOH 
EtOH 
EtOH 
0.007 
0.017 
0.017 
0.042 
0.017 
0.017 
0.031 
0.017 
0.039 
0.017 
0.017 
0.031 
0.031 
0.031 
- 
25 
40 
41 
75 
40 
41 
76 
100 
75 
76 
76 
75 
75 
76 
76 
70.4,68.0 
67.0 
56.0 
55.0 
58.0 
58.6 
67.M 
35 .@,f (264)d 
68.5, 68.3c 
69.0( 4 1) ,d 68 .Or ( 45)d 
61.2 
47.8 
56.0 (302)' 
20.Q.h (389)d 
22.@,f(467)d 
a Substrates: 1, CH2=C(NHAc)C02H; 2, CH2<(NHAc)CO2Me. b Conversions 100% and the product configuration is mainly S .  
c Repeat experiments with different ligand syntheses and/or reaction runs. d Initial turnover frequency (h-l). [Rh{ (R)-  
binap)(solvent)2]C1O4 as catalyst precursor. f Synthesized here. g [Rh{ (R)-binap}(solvent)2]+ as catalyst precursor. H2 pressure 4 atm. 
From Ref. 4b. h Obtained from Aldrich. 
oxides and to achieve a high yield of a single phosphine 
species.? Elemental analysis (Galbraith Lab., Knoxville, TN) 
of the recovered solid is consistent with the sample containing 
ca. 85% tetrasulfonated binap [calculated for binap(S03- 
Na)4:S/P:Na/P:C/Na = 2:2:11; found, S/P:Na/P:C/Na = 
2.34:2.02: 11.311. This result is in agreement with the 31P 
NMR spectrum that shows a single major resonance at 6 ca. 
-11.1 with a second small peak around 6 -12.7 (relative 
intensities are 86 : 14). The 33s NMR spectrum of the oxidized 
form of this sample (in D20) indicates that no sodium sulfate 
is present, to at least the detection limits of NMR (150 000 
scans employed) and that no further information on the 
sample composition is possible because the sulfate groups on 
the binap give a broad peak around 6 -13 (relative to 
ammonium sulfate). Because of the difference in n-stabiliza- 
tion energy, the phenyl rings in binap are relatively more 
reactive towards electrophilic aromatic substitution by sulfur 
trioxide as compared to the naphthyl rings. Thus, we speculate 
that in the major species obtained, only the four phenyl rings 
in the binap are sulfonated under the conditions listed above. 
Otherwise, at least two distinct signals with equal intensities 
should appear in the 3IP NMR spectrum. Although definitive 
assignments are not yet possible owing to the complexity of 
the 1H and 13C NMR spectra, our NMR data are consistent 
with the premise that only the four phenyl rings are sulfonated 
in the major species obtained in 85% abundance. The 
remaining species is likely to be penta- or hexa-sulfonated 
binap with one or two extra sulfonated group(s) on the 
naphthyl ring(s). As the origin of chiral recognition is 
attributed to the interaction of the four phenyl rings and the 
substrate, the presence of any extra sulfonated groups on the 
naphthyl rings is unlikely to affect the enantioselectivity . In 
fact, similar activity and selectivity are found with catalysts 
prepared from several batches of ligand with different ratios of 
major to minor species (vide infra). 
~~ 
1- The sulfonation of (R)-binap was accomplished by dissolving 
(R)-binap (1 g) in concentrated sulfuric acid (3.5 ml) with subsequent 
dropwise addition of 15 ml (during 2-3 h) of fuming sulfuric acid (40 
wt% sulfur trioxide in concentrated sulfuric acid) and stirring for 3 
days at 10 "C under argon. The reaction was quenched by pouring the 
solution into 100 ml of ice-cooled water and the product neutralized by 
dropwise addition of aqueous sodium hydroxide (50 wt% NaOH) 
until a pH of 7 was reached. The volume of the solution was reduced to 
30 ml in V ~ C U O  and methanol (100 ml) added to precipitate any sodium 
sulfate present. Sulfonated (R)-binap was recovered as a solid by 
vacuum drying the filtered methanolic solution. 
The rhodium binap(S03Na)4 catalyst was prepared as 
follows. [Rh(cod)C1I2 (cod = cycloocta-l,5-diene) was treated 
with 2 equiv. of (R) -b ina~(SO~Na)~  in water at room 
temperature with an excess of sodium perchlorate. The 
cationic species [Rh{ (R)-binap('S03Na)4}(cod)](C104) is 
formed and contacted with one atmosphere of dihydrogen to 
give the active catalyst [Rh{ (R)-binap(S03Na)4}(H20)2]+. 
Further addition of 2 equiv. of (R)-bina~(SOsNa)~ or initial 
mixing of 4 equiv. with [Rh(cod)C1]2 gives the inactive 
complex [Rh{ (R)-bina~(SO~Na)~>2]+. Assignments of these 
species are based on the data in Table 1. 
Asymmetric hydrogenations of 2-acetamidoacrylic acid and 
its methyl ester were conducted at room temperature and one 
atmosphere of dihydrogen in batch autoclaves. The conver- 
sion was measured by 1H NMR spectroscopy and the 
enantiomeric excess (e.e .) determined by gas chromatography 
using a J.  & W. Scientific CDX-B chiral capillary column after 
derivatization of the reaction products.6 
Table 2 shows the results of hydrogenating 2-acet- 
amidoacrylic acid and its methyl ester using the water-soluble 
rhodium complex with (R)-binap(S03Na),, Like the unsul- 
fonated version of the rhodium catalyst, the enantioselection 
favours the (S)-enantiomer.4b However, we do not observe a 
dependence of e.e. on the concentration of substrate$ as is 
reported for the unsulfonated rhodium-binap catlayst .4b Note 
that the results in Table 2 illustrate that the e.e. in pure water 
is approximately the same as observed with the unsulfonated 
rhodium-binap catalyst in ethanol (70.4-68.0% vs. 67.0Y04b). 
This is the first example of asymmetric hydrogenation in neat 
water where the optical yield obtained is as high as that 
observed in nonaqueous solvents. Normally, large losses in 
enantioselectivity result when using water as solvent.2b.g 
Additionally, loss in enantioselectivity is also reported with 
sulfonation of phosphine ligands.8a.d Here, not only is high 
enantioselectivity retained upon sulfonation and use in neat 
water, the e.e. obtained with the rh~dium-binap(SO~Na)~ 
catalyst increases with the proportion of water in the solvent; 
the e.e. is 70.4% in pure H 2 0  compared to 58.0% in neat 
methanol. The trends observed with substrate 1 are also 
obtained with substrate 2. 
I The e.e. was found to be 58 k 1% for substrate 1 in MeOH solvent 
over the substrate concentration range of 0.0034.078 mol I-l ,  49 f 
2% for substrate 2 in MeOH solvent over a substrate concentration 
range of 0.007-0.134 mol 1-1 and 68 f 1% for substrate 2 in H 2 0  
solvent over a substrate concentration range of 0.017-0.039 moll-'. 
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We attempted a comparison between the hydrogenation 
behaviour of unsulfonated and sulfonated (R)-binap rhodium 
complexes in ethanol. 0 Unfortunately, the unsulfonated 
complexes prepared here or purchased from Aldrich gave very 
low e.e.s under one atmosphere of dihydrogen pressure as 
compared with that reported under four a tmosphere~~b 
Because of this, we are only able to compare initial turnover 
frequencies in water and ethanol for the sulfonated (R)-binap 
catalyst (see Table 1). The solubility of dihydrogen in ethanol 
and water at 25°C at 1 atm is 38.2 x 10-4 and 8.53 x 
moll-1, respectively.9 The cause of the low e.e. is unclear but 
catalyst decomposition is likely since a black precipitate 
appeared during the course of one of the reactions. Thus, the 
loss in initial turnover frequency when water is used as solvent 
is most likely due to the lowering of the dihydrogen solubility. 
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D A direct comparison between the unsulfonated and the sulfonated 
(R)-binap rhodium complexes is not possible in water because 
unsulfonated (R)-binap is not soluble in water. 
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